A new highly efficient three-component reaction of alkyl acrylate, aldehyde and dialkyl malonate using ethyl diphenylphosphine as organocatalyst has been described. Various highly functional compounds bearing hydroxyl groups and the ester functions can be easily prepared in moderate to good yields according to our one-step procedure. The reactions are believed to proceed via Morita-Baylis-Hillman reactions of alkyl acrylate and aldehydes, followed by the Michael addition reactions of dialkyl malonates. Our reactions indicated that the intermediate species formed in the phosphine-catalyzed MBH reaction are an effective organic base to catalyze the Michael addition reactions of dialkyl malonates to the preformed MBH adducts.
Introduction
Carbon-carbon bond formation is the most important organic reaction because it plays a fundamental role in making carbon-frameworks of organic compounds for numerous interesting studies concerning reactivity, chemoselectivity, and stereoselectivity [1, 2] . Multicomponent reactions have long been recognized to play a key role in the development of synthetic methodologies because of OPEN ACCESS their possible generation of an adduct in a single step from three or more reactants usually accompanied by bond-forming efficiency and atom economy [3] [4] [5] [6] [7] [8] [9] . Successful application of multicomponent reaction highly relies on the good chemoselectivity in the presence of all the reactants [10] [11] [12] .
The Baylis-Hillman reaction adduct, resulting from alkyl acrylate and aldehyde is a good Michael acceptor because of the activated ester functionality by the neighboring hydroxy group [13] [14] [15] [16] [17] [18] [19] [20] . Successful applications of the Baylis-Hillman adducts for further transformation by Michael additions of nucleophiles had been reported [21] [22] [23] [24] . However, the Baylis-Hillman reactions are well known for their slow reaction rates and moderate to high yields, and therefore the whole processes often take several days to complete the following Michael reactions [4] . Further effort to simplify the whole process was undertaken by one-pot sequential Baylis-Hillman and Michael reactions with aldehyde, methyl acrylate, and nitroalkane in the presence of DBU (1.0 equiv.) with 26-62% yields [21] , albeit the one-step three-component reaction failed due to the dominant Michael addition of DBU-deprotonated nitroalkane toward methyl acrylate. Therefore, a strong demand remains for an efficient approach.
In continuation of our efforts to simplify the whole process, we envisaged that instead of using a tertiary amine as an organocatalyst, it should be possible to carry out a phosphine-catalyzed three-component reaction starting from the Baylis-Hillman reaction of aldehyde 1 and alkyl acrylate 2, which is followed by the Michael addition of dialkylmalonate 3 to the resulting adduct [25] [26] [27] [28] . Herein, dialkylmalonates 3 become activated by the action of the intermediate species formed in the phosphine-catalyzed MBH reaction, because phosphines were much poorer bases than amines though the former are stronger nucleophiles [29] . In particular, phosphines are known catalysts capable of promoting Michael reactions in the absence of added bases [30] [31] [32] [33] [34] . However, to the best of our knowledge, there is no report of a successful reaction or related study that utilizes 3 as the reacting partner. Therefore, we wish to report a highly efficient three-component reaction of 1, 2, and 3 catalyzed by ethyl diphenylphosphine (Scheme 1). Trace amounts of the product 4a were obtained when the less reactive PPh 3 was used (entry 2). Significant amounts of 4-nitrobenzaldehyde (1a) and diethyl malonate (3a) were recovered, because the acrylate was prone to undergo polymerization when the extremely active PBu 3 was used as the catalyst (entry 3). DABCO, which has weaker nucleophilicity than that of EtPPh 2 , catalyzed the three component reaction of 1a, 2a and 3a and afforded 4a in only 25% yield within 24 h (entry 4). Inferior results were obtained when the reactions were carried out in i-PrOH, CH 2 Cl 2 and toluene (entries 5-7).
Interestingly, when a polar aprotic solvent was used, such as THF, a significantly increased yield was observed (4a, 60% yield, entry 8). Increasing the amount of EtPPh 2 , prolonging the reaction time with 1.5 equiv. of 3a, or using a co-solvent system (THF/t-BuOH = 1/4) did not improve the final results either (entries 9, 11 and 12), and furthermore a worse diastereometric excess resulted from decreasing the amount of EtPPh 2 (entry 10). DMAP and DBU were also examined, but only trace amounts of adduct 4a could be observed (entries 13 and 14) .
The broad reaction scope of our protocol was demonstrated by further studies disclosed in Table 2 . It showed that chemoselective three-component reactions of various aromatic aldehydes 1a-f, alkyl acrylate 2 (2 equiv.), and 3a (1.2 equiv.) in the presence of EtPPh 2 (30 mol%) took place in 4-21 h, leading to the corresponding adducts 4a-j in 36-63% yields. a Unless stated otherwise, the reaction was performed using 1 (0.5 mmol), 2 (2.0 equiv.), and 3a (1.2 equiv.) in the presence of EtPPh 2 (30 mol%) in THF (0.5 mL) at room temperature; b The diastereomeric ratio of 4 was determined by 1 H-NMR analysis. The stereochemistry of 4a-b, 4d, 4e, and 4g-i was determined by 1 H-NMR analysis in comparison to 5. For 4c, 4f, and 4j, their stereochemistry is not determined; c Yield of analytically pure isolated product.
A steric effect was found in case of reactions with an ortho-substituted aromatic aldehydes. For example, aromatic aldehydes bearing a nitro group in the para-or meta-position, like 1a or 1b, reacted with 2a and 3a within 4 h to provide the corresponding adducts 4a or 4b with good stereoselectivities (18:82 dr, 13:87 dr) in 60% or 63% yield, respectively (entries 1 and 2). However, in the case of 2-nitrobenzaldehyde (1c), poor results for the formation of 4c were obtained (36% yield and 37:63 dr, entry 3). Other substituted aromatic aldehydes, such as 4-trifluoromethylbenzaldehyde (1d) or 4-cyanobenzaldehyde (1e), reacted like 2a and 3a, generating 4d or 4e in 57% or 50% yield with 20:80 dr or 17:83 dr, resepectively (entries 4 and 5). Moderate yield and good stereoselectivity of 4f was also produced when heteroaromatic aldehyde 1f was employed in our protocol (entry 6). The reaction of 1a, 1b, 1e, or 1f and 3a also proceeded well when ethyl acrylate (2b) was used as the activated olefin, furnishing the corresponding adducts 4g, 4h, 4i, or 4j in moderate yield with high stereoselectivity (entries 7-10). In addition to diethyl malonate (3a), dimethyl malonate (3b) and bis(phenylsulfonyl)methane (3c) were also investigated as carbon nucleophiles for this protocol. Both of them worked smoothly with 4-nitrobenzaldehyde (1a) and methyl acrylate (2a, 2 equiv.) in the presence of EtPPh 2 to give the corresponding adducts 4k (39% yield, 13:87 dr) and 5 (54% yield, 47:53 dr) (entry 11 and Scheme 2) [35] . Remarkably, a tandem three-component reaction of 4-nitrobenzaldehyde (1a), methyl acrylate (2a, 1.2 equiv.) and a sterically bulky carbon nucleophile, diethyl methylmalonate (3d) (1.7 equiv.), ocurred successfully at room temperature within 9 h to provide the desired product 6n in 57% yield with good stereoselectivity (Scheme 3). 
Experimental

General
All reactions were carried out under a nitrogen atmosphere in dried glassware. All starting materials were purchased from commercial sources and used without further purification. THF was continuously refluxed and freshly distilled from sodium benzophenone ketyl under nitrogen. t-BuOH was dried and degassed before use. Yields refer to isolated yields of compounds estimated to be >95% pure as determined by 1 H-NMR in a AV-400 or AV-500 Bruker using CDCl 3 as solvent at 400 Hz, respectively. MS and HRMS were recorded in a Finnigan TSQ 700 and JEOL JMS-700 mass spectrometers. Analytical thin layer chromatography (TLC) was performed using Merck 60 F254 precoated silica gel plate (0.2 mm thickness). Flash chromatography was performed using Merck silica gel 60. TP for Table 2) A dry and nitrogen-flushed 10-mL Schlenk flask, equipped with a magnetic stirring bar and a septum, was charged with a solution of 1 (0.5 mmol) and 3a or 3b (1.2 equiv.) in dry degassed THF (0.5 mL). Alkyl acrylate 2a or 2b (2.0 equiv.) and EtPPh 2 (30.7 μL, 30 mol%) were added, and the reaction mixture was stirred for 4-21 h at room temperature. Thereafter, the solvent was removed by evaporation in vacuo. Purification by flash chromatography furnished the adducts erythro-4 and threo-4.
Typical Synthetic Procedure
Procedure for Preparation of 5 (TP for Scheme 2)
A dry and nitrogen-flushed 10-mL Schlenk flask, equipped with a magnetic stirring bar and a septum, was charged with a solution of 1a (151.1 mg, 1.0 mmol) and 3c (355.6 mg, 1.2 equiv.) in dry THF (1.0 mL). Methyl acrylate 2a (180.0 μL, 2.0 equiv.) and EtPPh 2 (61.0 μL, 30 mol%) were added, and the reaction mixture was stirred for 5 h at room temperature. Thereafter, the solvent was removed by evaporation in vacuo. Purification by flash chromatography furnished the adducts erythro-5 and threo-5 (dr = 47:53, 288.1 mg, 54%).
Procedure for Preparation of 6 (TP for Scheme 3)
A dry and nitrogen-flushed 10-mL Schlenk flask, equipped with a magnetic stirring bar and a septum, was charged with a solution of 1a (0.5 mmol) and 3d (102.3 μL, 1.2 equiv.) in dry t-BuOH (0.5 mL). Methyl acrylate 2a (90.0 μL, 2.0 equiv.) and EtPPh 2 (30.7 μL, 30 mol%) were added, and the reaction mixture was stirred for 9 h at room temperature. Thereafter, the solvent was removed by evaporation in vacuo. Purification by flash chromatography furnished the adducts 6 (dr = 79:21, 117.1 mg, 57%). 1,1-diethyl 3-methyl 4-hydroxy-4-(4-nitrophenyl)butane-1,1,3-tricarboxylate (erythro-4a) (2-nitrophenyl)butane-1,1,3-tricarboxylate (threo-4c) . 1,1-diethyl 3-methyl 4-(4-cyanophenyl)-4-hydroxybutane-1,1,3-tricarboxylate (erythro-4e) . 168.9, 168.7, 146.2, 132.2, 126.7, 118.6, 111.7, 73.0 hydroxybutane-1,1,3-tricarboxylate (threo-4e) . 10 (m, 1H), 2.03-1.91 (m, 1H), 1.25-1.16 (m, 6H) . 
Erythro-
Threo-1,1-diethyl 3-methyl 4-hydroxy-4-(4-nitrophenyl)butane-1,1,3-tricarboxylate (threo-4a
Erythro-1,1-diethyl 3-methyl 4-hydroxy-4-(3-nitrophenyl)butane-1,1,3-tricarboxylate (erythro-4b
Threo-1,1-diethyl 3-methyl 4-hydroxy-4-(3-nitrophenyl)butane-1,1,3-tricarboxylate (threo-4b
Erythro-1,1-diethyl 3-methyl 4-hydroxy-4-(2-nitrophenyl)butane-1,1,3-tricarboxylat (erythro-4c
Threo-1,1-diethyl 3-methyl 4-hydroxy-4-
Erythro-1,1-diethyl 3-methyl 4-hydroxy-4-(4-(trifluoromethyl)phenyl)butane-1,1,3-tricarboxylate
(erythro-4d).
Threo-1,1-diethyl 3-methyl 4-hydroxy-4-(4-(trifluoromethyl)phenyl)butane-1,1,3-tricarboxylate (threo-
4d).
Erythro-
Threo-1,1-diethyl 3-methyl 4-(4-cyanophenyl)-4-
Threo-triethyl 4-hydroxy-4-(4-nitrophenyl)butane-1,1,3-tricarboxylate (threo-4g).
Threo-ethyl 3-(4-cyanophenyl)-2-((N,4-dimethylphenylsulfonamido)methyl)-3-hydroxypropanoate (threo-4j
Conclusions
In summary, we have developed a novel, simple approach toward the synthesis of highly functionalized molecules via three-component reactions of substituted aromatic aldehydes, alkyl acrylates and activated alkane catalyzed by ethyl diphenylphosphine. Furthermore, we presented the first organocatalytic addition of carbon-nucleophile to the in-situ generated MBH adducts. This multicomponent reaction has a broad reaction scope with all three components of acrylate, aldehyde and activated alkane. Further mechanistic details and development of their asymmetric threecomponent reactions, are now underway in our laboratory.
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